Abstract There has been much speculation about the extended minimum between Solar Cycles 23 and 24. Cycle 24 itself has been unusually weak compared with recent cycles. We present quantitative evidence for the weakness of both Cycles 23 and, particularly, 24. The data are objective indices derived from precision photometric images obtained on a daily basis at the San Fernando Observatory. These data form the longest running, homogeneous photometric record known to us. We show sunspot areas from red images and facular/network areas from Ca II K-line images. Spot and facular area are a simple and direct measurement of the strength of solar activity. The data clearly show the decline in the amplitude of sunspot maxima for Cycles 23 and 24 compared with Cycle 22. The relative amplitudes of mean spot area for Cycles 22 through 24 are 1.0, 0.74, and 0.37, respectively. There is also an indication that the facular-to-spot area ratio has increased in Cycle 24.
Introduction
The last solar-cycle minimum, between Cycles 23 and 24, was one of the lowest in nearly 100 years (e.g. Bisoi et al., 2014) . It was also unusually extended in time, and the decline of Cycle 23 was unusually long. Furthermore, the rise of Cycle 24 was rather slow. Because of the decrease in spot activity in Cycle 23 (de Toma et al., 2004) , speculation has surrounded predictions for the peak activity of Cycle 24. We present simple evidence suggesting a recent long-term decrease in solar-cycle strengths. There are a number of proxies for the strength of a solar cycle, including the International Sunspot Number (ISSN: Lefevre and Clette, 2013) and F 10.7 . The record of the sunspot number goes back significantly in time, but there is some uncertainty about its correct scale (Svalgaard, 2012) . The 10.7-cm radio flux (Tapping and DeTracey, 1990) , while an objective measurement, is a function of physical conditions in several regions of the Sun's atmosphere. For this article we have chosen, primarily, to use the area of sunspots and faculae/network determined from photometric images obtained at the San Fernando Observatory (SFO). These data are a straightforward and objective measure of surface solar activity.
Description of the Data
We present sunspot [A s ] and facular [A f ] areas for the peaks of Cycles 22, 23, and 24. Figures 1 and 2 show the daily values of the corrected sunspot and facular area. The areas are in units of µhem (millionths of a hemisphere). These data, which have not yet been published, are available at www.csun.edu/sfo. As we show below, there is a clear, statistically significant decrease in peak amplitude with time. Figure 1 gives sunspot areas determined from Cartesian Full Disk Telescope no. 1 (CFDT1) red images taken at 672.3 nm with a bandwidth of 10 nm. CFDT1 images have a pixel size of 5.12 by 5.12 arcsec. A sunspot pixel is defined as having a contrast of ≤ −8.5 % on a red contrast image. A contrast image is created by removing the quiet-Sun limb darkening by fitting to the median of 20 annuli. The contrast of the ith pixel is I i /I Q − 1, where I i is the intensity of the ith pixel and I Q is the quiet-Sun intensity at the same equivalent disk position. Figure 2 gives the facular area from the K-line composite, described more fully below, computed using K-line data from CFDT1 and Cartesian Full Disk Telescope no. 2 (CFDT2) . CFDT2 images have a pixel size of 2.5 by 2.5 arcsec. The K-line filter, λ = 393.4 nm, has a bandwidth of 1 nm. A facular pixel is defined as having a contrast of ≥ +4.8 % on a K-line contrast image. The A s data in Table 1 are corrected sunspot areas from CFDT1 at the San Fernando Observatory (SFO). The A f data are corrected facular areas from the SFO K-line composite (see below). The σ s are standard deviations of the mean. The area of features is determined by removing limb darkening and searching the flattened contrast image according to the appropriate contrast criterion. The resulting areas are corrected for foreshortening on a pixelby-pixel basis. The image processing is more fully described by Walton et al. (1998) .
Cycle 22 and 23 results are for three years at cycle maximum, 1989, 1990, and 1991, and 2000, 2001, and 2002, respectively . Cycle 24 results are for the last four months of 2011 (when there were some large spot groups), all of 2012, and all of 2013. Cycle 22 and 23 spot data agree well with annual sums published in Table 2 of Chapman, Dobias, and Arias (2011) . Annual facular data differ somewhat because of the use of a newer K-line composite. The K-line composite is formed by least-squares fitting of overlapping segments of wide K-line data from CFDT1 and CFDT2. The newer composite is the result of an improved determination of the degradation over time in the wide K-line filters or other changes to the telescopes. The data were broken into eight intervals for a least-squares comparison of the K-line indices. For example, a light baffle was added to CFDT1 at the end of the second interval. The results of the regressions were then used to produce scaling factors to create the composite. When data existed for both telescopes, the resulting indices were averaged. Otherwise, only data from CFDT1 or CFDT2 were used. As for the new K-line composite, the older composite showed a decline in peak solar-cycle amplitude (Table 3 of Chapman, 
with the coefficient of determination [r 2 ] = 0.9748 and the number of data points [N ] = 24. A quadratic fit gives
The quadratic fit gives a slightly higher r 2 = 0.9796 than the linear fit, but because of the added coefficient the significance of the fit was noticeably reduced. Figure 4 shows the photometric sum [ K ], which is calculated from composite K-line data derived from CFDT1 and CFDT2 K-line images. This index is defined as
where I i /I is the contrast of pixel i, and φ(μ) is the observed quiet-Sun limb darkening.
The sum is over all pixels in the solar-contrast image. Although this index is an irradiance index, rather than an area, it includes all pixels on the disk. Thus if facular features became more scattered or fainter in Cycle 24 than in earlier cycles, this index should still measure their presence. We still see a decline in this index for Cycles 23 and 24 compared with Cycle 22.
Figure 4
Temporal variation of K in parts per million (ppm) of the quiet Sun. This is a K-line irradiance index, not an area. However, it includes all features no matter how faint or scattered (see Equation (3) for the definition of K ).
Discussion
The results of Table 1 show that the peak amplitudes of spot area and facular area are declining with time. The differences in the peaks are highly significant compared with the standard deviations of the means. The Cycle 23 spot maximum is about 10 standard deviations lower than that of Cycle 22, while the Cycle 24 maximum is about 20 standard deviations lower than that of Cycle 23. Results for Cycle 24 are, of course, preliminary as we have not seen the whole cycle. However, Cycle 24 appears to be headed for a peak amplitude of approximately one-half that of Cycle 23, in rough agreement with the predictions of Svalgaard, Cliver, and Kamide (2005) , Choudhuri, Chatterjee, and Jiang (2007), Wang and Sheeley (2009), and Ahluwalia and Jackiewicz (2012) . These, and many other predictions, have been nicely summarized in Hathaway (2010) and Pesnell (2012) . The official NOAA prediction is that the Cycle 24 maximum would occur in May 2013, and it appears likely that Cycle 24 has reached its peak because we are already at the expected time of maximum. However, Yu et al. (2012) predicted that the peak of Cycle 24 would be January -February 2014, plus or minus six months. Moreover, the time delay between the two hemispheres in Cycle 24 suggests that Cycle 24 will have a dual peak. Cycle 24 started first, and progressed at a faster pace, in the northern hemisphere than in the southern. The mean latitude of sunspots in the two hemispheres suggests that the North has already reached its highest activity, while the South, the most active hemisphere at the time of this writing, may not yet have reached its peak. The decrease in peak cycle amplitude is also seen in the sunspot number. The average cycle maximum in sunspot number for Cycles 22, 23, and 24 is about 150, 110, and 60, respectively (www.sidc.oma.be). On the other hand, Pevtsov et al. (2014) concluded from a detailed study of sunspot magnetic fields that there has been no secular decline in the maximum magnetic field strength in sunspots, except perhaps during the last few minima. The decline in peak activity could be part of a longer-term cycle such as the Gleissberg cycle (Gleissberg, 1967; Usoskin and Mursula, 2003; Mouradian, 2013; McCracken et al., 2013) . A multicycle modulation of 80 -100 years opens interesting questions on the memory of solar activity. Analysis of poloidal and toroidal magnetic-field proxies over a century (Muñoz Jaramillo et al., 2013) shows that the polar flux at minimum is only correlated with the amplitude of the next cycle, indicating a short solar-cycle memory. A centennial modulation of solar activity, if real, represents a challenge for current dynamo models that cannot easily explain the presence of these long periodicities. Previously, de Toma et al. (2004) discussed the behavior of Cycle 23. The declining strength of the solar cycles shown here is not related to the projections of weakening umbral contrast and magnetic-field strength (Penn and Livingston, 2011) . Their results are based on a possibly biased set of high-resolution observations of select sunspot umbrae in the infrared. They show a declining magnetic-field strength and a decreasing umbral contrast beginning in 1999. A possible explanation has been offered by Nagovitsyn, Pevtsov, and Livingston (2012) . They argued that the apparent decline in field strength of sunspots is due to a changing distribution of sunspot sizes over time. A set of unbiased measurements of umbral contrast indicates that umbral contrast has not been decreasing with time, but has remained constant (Leonard and Choudhary, 2008; de Toma et al., 2013) . This is consistent with the results of Pevtsov et al. (2014) , who found no significant long-term trend in the maximum sunspot magnetic-field strength. Another complication is suggested by the finding that the relation between spot number and F 10.7 flux has been changing (Livingston, Penn, and Svalgaard, 2012) while the relation between F 10.7 and sunspot area (de Toma et al., 2013) and F 10.7 magnetic indices (Henney et al., 2012) has remained the same. On a final note, we point out that the facular-to-spot area for Cycle 24 has increased significantly, as noted in Table 1 . While this result is based on a few months near maximum, it suggests that the spot area has decreased relative to the facular area during the current cycle. We note that while the number of spots of all sizes decreased in Cycle 24 compared with the previous cycles, the decrease has been particularly severe for the large spots. This trend was already noticeable in Cycle 23, as found in our previous analysis. However, in Cycle 23 a significant reduction occurred only in the largest spots with an area larger than 700 µhem, while in Cycle 24 a scarcity of large spots with a more modest area in the range of 400 -700 µhem is also seen. This might be responsible for the observed increase in the facular-to-spot-area ratio.
